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ABSTRACT OF THESIS

COLLECTORS FOR ENABLING FLOTATION OF OXIDIZED COAL

The coalburg seam coal is an example of difficult to float bituminous coal. Laboratory
tests conducted on coalburg flotation feed sample revealed recovery values around 28%
with 15% product ash when using fuel oil as collector under natural pH conditions. A
detailed study showed that increasing pH from natural value of 5.6 to 7.5 provided a
significant improvement in recovery of approximately 32 absolute percentage points. The
improvement is believed to be result of the release of humic acids from the surface and
the dispersion of clay particles thereby leaving a more hydrophobic surface.
Based on the tests conducted with various commercially available collectors, oleic acid
was selected as a model collector for oxidized coals. Conventional flotation tests found
an increase in combustible recovery of 10 absolute percentage points above the pH
improvement using 4:1 blend of fuel oil and oleic acid. The problem of higher ash in
conventional cell product due to entrainment was minimized by the use of wash water in
a flotation column. A flotation concentrate containing less than 7.5% ash was produced
while recovering around 75% of the combustible material. Further testing using fatty
acids-fuel oil blend also showed evidence of a near 200% increase in flotation rate.
KEY WORDS: Oxidized Coal, Coal Flotation, Fatty Acids, Oleic Acid, Ionic Collectors.
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Chapter One Introduction

1.1 Introduction
Coal is an essential energy resource which not only contributes to economic growth
but also to the industrial development, health services and life style of people. In 2010,
total world coal consumption was 7.8 billion short tons and global coal production has
increased by almost 91% since 1980 (Anonymous, 2011). Thermal coal is mainly used
for power generation while metallurgical coal is mainly used in steel production. Coal
fired power plants accounts for almost 45% of total electricity generation in the United
States and 41% of total world electricity generation (WCA, 2010).
Preparation plants are used in raw coal treatment where unwanted gangue impurities
such as silica and clays among other minerals are removed from the coal. A typical coal
preparation plant feed is generally treated in three separate streams which are classified
based on the particle size. Coarse particles (+10 mm) are cleaned using heavy medium
vessels, intermediate particles (10 mm x 1 mm) are cleaned using heavy medium
cyclones whereas finer size fraction (1 mm x 0.15 mm) is cleaned using spirals and
ultrafine particles (-0.15 mm) are treated using froth flotation process. Density
differences between coal and gangue particles are utilized in gravity separation processes
while froth flotation exploits the differences in surface hydrophobicity property between
various coal and mineral constituents.
Around 13.6% of the total installed capacity of coal preparation plants uses froth
flotation as a cleaning process to clean fine coal particles (Kempnich, 2000).
Approximately 20.3% of total installed capacity of coal preparation plants in the United

1

States uses froth flotation which is the highest among all countries. Capacity attributed to
coal flotation in China and India account for nearly 14.0% and 11.1% respectively
(Figure 1.1). In total, more than 150 million tons per year of clean coal is produced by
coal flotation.

Percentage
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Figure 1.1 Distribution of coal cleaning processes among major coal producing countries
(Kempnich, 2000)
In the coal flotation process, the naturally hydrophobic coal particles are floated while
the hydrophilic gangue particles are collected as tailings. Collector is added prior to
flotation to enhance the surface hydrophobicity of the coal particles whereas Frother is
used for decreasing the surface tension of air bubbles assists the formation of ultrafine
bubbles. Standard No. 2 fuel oil and MIBC (methyl isobutyl carbinol) are commonly
used as collector and frother, respectively, in coal flotation. Since flotation is based on
particles surface properties, the petrographic study of coal is quite important.

2

Coal is formed mainly by the process of sedimentation and organic composition
differs based on the coalification i.e. metamorphic formation of coal. Organic matter of
coal is formed from a variety of macerals with distinct physical and chemical properties.
Subsequently, inorganic matter in coal mainly comprises different mineral types.
Approximately 60 different types of minerals are found in coal and some of the major
minerals occur in form of silicates, sulfides, carbonates and oxides (Spackman, 1989).

Figure 1.2 Typical coal molecular structure (Davidson, 1980; J. S. Laskowski, 2001b)
Coal is considered as a complex cross linked structure formed from aromatic
structures connected through weak links as shown in Figure 1.2 (Davidson, 1980;
Marzec, 1985). When such complex coal surface is exposed to atmosphere, it leads to
oxidation of coal which further decreases the hydrophobic character of coal particles.
Therefore in order to increase the floatability of oxidized coal particles, an extensive
research has been conducted in past few decades to develop various chemical reagents.
However, few of these chemicals have been used in the industry either due to economic
feasibility or environmental regulations. Floating oxidized coal with acceptable
3

combustible recovery and sufficient separation efficiency still remains a difficult task
confronting the coal preparation industry.
1.2 Objective of the work
The objective of this study was to develop or search new chemical reagents that can
be used to float oxidized hydrophilic coal particles effectively. The objective includes
investigating existing coal flotation chemicals as well as various other popular reagents
from metal flotation industry.
Another part of this study also aimed to determine the optimum operating conditions
in order to achieve the maximum flotation performance of oxidized coal using both
conventional as well as column flotation. The operating conditions including slurry pH,
flotation time and reagent dosage levels were studied to identify the conditions providing
the optimum performances.
1.3 Thesis Outline
The first chapter in this thesis introduces the problem of coal oxidation and the effect
of oxidation on coal floatability. The basic flotation concepts and equipment were
addressed in Chapter Two. This chapter also contains a brief discussion on the origin of
coal oxidation and previous research being done to enhance the floatability of oxidized
coal particles. A detailed description of sample collection, laboratory equipment, and
experiment procedures is described in Chapter Three. Chapter Four presents the results of
the study and discusses the results in a fundamental contest. A summary of study and the
resulting conclusions are highlighted in Chapter Five along with the recommendations for
future work.
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2
2.1

Chapter Two Background

Introduction to Flotation

2.1.1

Flotation History

Froth flotation is a physico-chemical process of separating fine particles based on the
surface hydrophobicity. Air bubbles are introduced in the flotation process to attach
selectively to the hydrophobic particles surfaces and carry these particles to the froth. The
remaining hydrophilic particles stay wetted in the liquid and are removed later on as the
tailings. Froth flotation has been used in the mineral industry since early 19th century and
it has been proved to be a cost effective process of beneficiating many minerals. The
froth flotation process was initially developed in Australia between 1900 and 1910 and
the first U.S. flotation plant was installed in 1911 by Butte and Superior copper co.
(Rickard and Ralston, 1917). The process of froth flotation was introduced much later to
coal preparation and first U.S. plant to incorporate coal flotation was built in 1930
(Aplan, 1999). Since then, there has been a steady progress and development in the coal
flotation process and coal flotation is currently the most popular process of beneficiating
coal fines. More than 400 million metric tons of total ore in U.S. were treated using froth
flotation in the year 1980 including almost 12 million metric tons of (D. W. Fuerstenau,
Jameson, & Yoon, 2007).
2.1.2

Flotation Fundamentals

The froth flotation process is used commonly to clean fine particles (-0.6 mm) by
floating hydrophobic particles through selective attachment to air bubbles. Hydrophobic
particles attached to air bubbles rise to form the froth while remaining hydrophilic
particles remain in the slurry and are later removed as tailings.
5

Formation of three phase air bubble-particle contact is one of the important aspects of
froth flotation (Figure 2.1). The thermodynamic condition of three phase contact formed
in flotation process can be defined using Young’s expression, i.e.,
γsv = γsl + γlv cos θ

(2.1)

where, γsv, γsl, and γlv are the interfacial tensions of solid-gas, solid-liquid and liquid-gas
interfaces respectively and θ is the contact angle (Figure 2.1). Similarly, Dupre’s equation
explains the change in free energy accompanying the replacement of unit area of solidliquid interface by solid-gas interface.
ΔG = γsv – (γsl + γlv )

(2.2)

Thus, the displacement of water by the air bubble would happen when the solid-gas
interfacial tension is higher than the combined interfacial tensions of solid-liquid and
liquid-gas. Young’s expression combined with Dupre’s equation results in following
expression.
ΔG = γlv (cos θ -1)

(2.3)

Gas
Liquid

Solid

Figure 2.1 Schematic representation of the three phase contact between air bubble & solid
Thus, change in free energy for three phase contact system depends of the particle’s
hydrophobicity, which is a function of contact angle (θ). The maximum negative change
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in free energy would occur for a perfect hydrophobic particle with a contact angle of 90°.
However, Equation 2.3 is valid for an equilibrium condition where all other forces are
absent in the system.
The process of froth flotation is considered to be a first order process and the rate of
flotation can be predicted using following expression (Sutherland, 1948; Tomlinson &
Fleming, 1965).

dN
= −kN
dt

(2.4)

Where, N represents the number of hydrophobic particles in the system and k is the
flotation rate constant, which is a function of probability of collection (P) (Mao & Yoon,
1997). Higher flotation rate constant would ensure faster recovery of hydrophobic
particles from flotation process. The probability of particles being collected by bubbles
could be further estimated by combination of three basic processes (Sutherland, 1948).

P = Pc Pa (1 − Pd )

(2.5)

Where, Pc is the probability of bubble-particle collision, Pa is the probability of bubbleparticle attachment and Pd is the probability of bubble-particle detachment. Probability of
collision (Pc) was found to be directly proportional to the squared ratio of particle size
and bubble size. Coal flotation is found to be effective for a narrow size range particles,
commonly 40 to 150 μm and the cause of inefficient flotation of coal ultra-fines is due to
low probability of collision (King, 1982; Tao, 2005). Similarly, high probability of
detachment for coarse particles controls the coarser size limit for efficient flotation (Feng
& Aldrich, 1999; Trahar & Warren, 1976).
7

2.1.3

Flotation Parameters

The froth flotation efficacy mainly depends on following parameters: feed material
physical properties, flotation equipment & circuit arrangement and flotation chemicals.
Hydrophobicity of the feed particles is the most important characteristic in regard to
froth flotation. However, other properties which control the flotation process are particle
size, percent solids in the feed slurry, mineralogy and particle density. Particle size plays
an important role in froth flotation as flotation is found to be effective only for a narrow
size range of particles. Also, probability of detachment depends on the gravitational
forces acting on the particle and thus, both particle density and particles size affect the
recovery of particles significantly. The settling rate of particles depends on the number of
particles present in the flotation system and hence, percent solids is a critical factor in
determining probability of bubble-particle collision.
The flotation feed is usually conditioned with required reagents in a separate tank first
before feeding to the flotation cell. The flotation feed pulp is then agitated via impellers
in the flotation cell and bubbles are formed by the air fed near the impeller. Typical
industrial flotation cells are usually referred as mechanical cells (Figure 2.2). However,
some of the major other flotation cells used in mineral industry are pneumatic cells, froth
separators and column flotation cells (Nguyen & Schulze, 2004; Young, 1982).
MicrocelTM and the Jameson cell (Figure 2.3) are some of latest pneumatic cells (Harbort,
De Bono, Carr, & Lawson, 2003; Jameson & Manlapig, 1991). However, mechanical
cells and column flotation cells are the two most famous industrial cells used in coal
flotation. The major difference between two types of cells is the axial mixing conditions
present in the pulp. In a conventional mechanical cell, near perfectly mixed conditions
8

are present whereas column flotation cells aim to operate near plug flow conditions
(Yianatos, Finch, & Laplante, 1988). Column flotation cells tend to provide better coal
recovery and better separation efficiency (Mankosa, Luttrell, Adel, & Yoon, 1992).
2.1.4

Chemicals used in Froth Flotation

The froth flotation process depends on the surface properties of solids and these surface
properties are controlled by various regulating agents. The reagents used in flotation can
be classified in following groups: collectors, frothers, promoters, modifiers and
depressants. Collectors can be further classified based on the electrical charge associated
with the polar group into ionic (anionic and cationic) and non-ionic surfactants (Leja,
1982). Frothers are also grouped based on their solubility in the water: soluble and
partially soluble frothers (Booth & Freyberger, 1962). Polyglycols and their alkyl ethers
are soluble in water whereas aliphatic and aromatic alcohols, terpineols, ketones, esters,
etc. are considered as sparingly soluble frothers.
Coal surface is considered hydrophobic in nature; however, a wide range of chemicals
are used in coal flotation to enhance process efficiency along with floatability of coal
particles. Fuel oil no. 2 is most commonly used as collector in coal flotation while
aliphatic alcohols such as MIBC (methyl isobutyl carbinol) and glycols are commonly
used as frothers. Classification and usage of various reagents used in coal flotation are
shown in Table 2.1 (Klassen, 1963; J. S. Laskowski, 2001a).

9

Air

Skimmer

Particle
Froth

Pulp
Bubble

Rotor

Stator

Figure 2.2 Schematic of a typical mechanical flotation cell

Figure 2.3 A schematic diagram of Jameson cell (Harbort et al., 2003)
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Table 2.1 Coal flotation reagents
Functional
group

Type

Classification

Non-poplar

Collector

Surface
active

Frother

Hydroxyl

Emulsifiers

Promoters

Hydroxyl,
Carboxyl

Inorganic

Modifiers

Colloids

Depressants

2.2

Hydroxyl,
Carboxyl

Examples

Action

Fuel oil, Diesel
oil
Aliphatic
alcohols, poly
glycols

Adsorption of oil on
coal particles
Surface tension
reduction, stabilizing
bubbles
Enhance collector
emulsification and its
physisorption on coal
surface

Polyethoxylated
alcohols, fatty
acids
CaO, NaCl,
CaCl, HCl, etc.
NaOH
Polymers, starch,
dextrin,
carboxymethyl
cellulose, etc.

pH regulators, sulfide
depressants

Modifiers

Effect of Coal Oxidation on Flotation

2.2.1

Coal Oxidation Mechanism

Several researchers have studied the phenomenon of coal oxidation and these studies
suggest that coal oxidation can be classified in two categories: gaseous or dry oxidation
and chemical or wet oxidation (Somasundaran, Roberts, & Ramesh, 1991) . When coal is
exposed to air, it loses moisture and weathering of coal takes place. The loss of moisture
reduces the protective water layer on the coal surface, allowing it to be attacked by
atmospheric oxygen which results in significant quality deterioration. Oxidation further
induces fissuring which results in selling of coal particles (Berkowitz & Klein, 1989).
The rate of oxidation depends extensively on petrographic composition and coal rank.
Oxidation can also occur in wet conditions as oxidizing agents present in the water are
capable of forming hydrophilic groups on the coal surface. However, gaseous oxidation is
11

a more prevalent process of coal oxidation which affects many surface based processes in
coal preparation.

Figure 2.4 Possible reactions during oxidation process
At normal room temperature, when oxygen molecules reach the coal surface, they are
readily chemisorbed on the surface. Surface oxidation of coal leads into formation of
phenolic, carboxyl and peroxides on the peripheral alkyl substituents on the coal particles
(Fong, Seng, Majri, & Mat, 2007). This process of oxidation continues throughout the
coal surface which slowly and steadily leads to the formation of humic acids (Figure 2.5).
After certain period of time, the oxidation starts degrading deeper layers by forming
alkali soluble humic acids and eventually results in breakage of these layers into
progressively smaller molecular species. Oxygen functional groups play an important
role in determining coal rank which in turn decides the floatability characteristics of coal
12

particles. In general, coal rank decreases with increase in number of oxygen groups in
coal molecular structure (Figure 2.6).

Figure 2.5 A typical structure of humic acid (F. J. Stevenson, 1994)

2.2.2

Detection of Oxidation

The typical oxygen content of coal is usually determined by following expression
(Berkowitz & Klein, 1989).
(O) DMMF = 100 - (C + H + N + Sorg.) DMMF

(2.6)

However, analytical methods are used to measure the oxygen introduced in coal by
oxidation and weathering. Infrared spectroscopy could be used to obtain a general idea of
oxygen groups present on surface like phenolic, carboxyl, carbonyl and humic acids (F.
Stevenson & Goh, 1971). Humic acids formed on oxidized coal surface can be extracted
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using aqueous alkali (Lawson & Stewart, 1989; Lowenhaupt & Gray, 1980). The amount
of humic acids extracted from coal could be used for estimating the relative measure of
the degree of oxidation. A standard ASTM D5263 method explains the use of standard
sodium hydroxide solution (1N) in extracting humic acid and then measuring the
transmittance of alkali extract solution at 520 nm. The amount of humic acids is
estimated based on the intensity of color produced by humic acids.

Figure 2.6 Coal rank as a function of oxygen functional groups
2.2.3

Effect of Oxidation on Coal Floatability

The degree of surface hydrophobicity for various coals has been found to be
dependent on coal rank and different oxygen functional groups present on the surface. A
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detailed study on Australian coals verified that coal hydrophobicity decreases with
increase in oxygen content of coal (Crawford, Guy, & Mainwaring, 1994). The effect of
oxygen on the contact angle measured in oil phase can be seen in Figure 2.7 which shows
a general trend of decreasing contact angle values with increase in oxygen content of
coal.
A simple expression for estimating coal floatability index (FI) was derived on the
basis of coal proximate analysis and ultimate analysis (Sun, 1954). The expression is as
follows:

FI = x (

H
C
H
S
M
O
N
) + y( −
) + 0.4(
) − z ( ) − 3.4( ) − ( )
2.08
12 2.08
32.06
18
16
14

(2.7)

Where elemental percent composition of hydrogen, carbon, sulfur, oxygen and
nitrogen are represented by H, C, S, O, N, obtained from ultimate analysis and M is the
moisture content of the coal on as received basis. Coefficients x, and z are dependent on
ash content and moisture content whereas y was assumed to be 0.6 for most of the coals.
Thus, oxidized coals have lower floatability index as compared to coal particles
containing lesser amount of oxygen.
As discussed earlier, oxidation of coal leads to formation of carboxylic and phenolic
groups on the surface. These functional groups formed on the coal surface results in
development of polar sites which renders the surface hydrophilic (Arnold & Aplan, 1989;
D. Fuerstenau, Rosenbaum, & Laskowski, 1983; Sun, 1954). Hydration and dissociation
of these polar groups play an important role in determining the surface chemistry of
coals. These polar groups tend to form strong hydrogen covalent bonds with water
molecules and develop a strong affinity towards water. The presence of oxygen bearing
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functional groups not only suppresses oil adsorption on coal surface but also provide a
higher negative charge on coal particles which increases the electrostatic repulsion
between coal particles and negatively charged bubbles. Therefore, the rate of oil
adsorption and the flotation rate decreases significantly for oxidized coal (Figure 2.8).
2.2.4

Electro-Kinetic Study of Oxidized Coal

The electrical double-layer theory is prominently used to study the particle surface
charges. This theory explains the repulsion/attraction of the double layers surrounding the
dispersed particles. The electrical double layer characteristic can be understood by
measuring electro-kinetic potential at shear plane. The electro-kinetic potential (also
known as zeta potential) provides a relative estimation of surface charge. Numerous
investigators have found that coal particles are generally negatively charged over a wide
range of slurry pH (Angle & Hamza, 1989; Hunter, 1981; J. Laskowski, 1987a; Shaw,
1992). The point of zero charge or Isoelectric point for coal particles depends on multiple
factors including coal rank, degree of oxidation, oxygen functional groups and ash
mineral content (D. Fuerstenau, Rosenbaum, & You, 1988). In general, bituminous and
anthracite coals have an isoelectric point at pH range of 4.5 to 6 (Wen & Sun, 1977). The
isoelectric point for coals with high ash content occurs at relatively lower pH as
compared to coals with lower ash content. Hydroxyl and hydronium ions are the potential
determining ions for anthracite and bituminous coals (Campbell & Sun, 1970).
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Carbon to Oxygen Ratio
Figure 2.7 Effect of carbon/oxygen ratio on the coal hydrophobicity; Contact angles (θ)
were measured through oil phase: θwater = 180 – θoil (Crawford et al., 1994)

Figure 2.8 Maximum flotation rate as a function of oxygen content (D. Fuerstenau et al.,
1983)
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Dissociation of various functional groups on the coal surface gives rise to formation
of double layer around particles. Several studies in past revealed that a relative higher
negative charge is found on oxidized coal surface due to contribution of various acidic
groups on the surface which results in shifting of isoelectric point towards lower pH
values as shown in Figure 2.9 (Kelebek, Salman, & Smith, 1982; J. Laskowski, 1987b;
Prasad, 1974). The isoelectric pH for oxidized coal decreases with increase in carboxylic
groups (Yarar & Leja, 1982) and humic acids concentration (Pawlik, Laskowski, & Liu,
1997) on coal surface. The presence of humic acids on any coal surface imparts low
floatability characteristics to it similar to low-rank coals (Figure 2.10).
Weathering and prolong exposure of coal surface to atmospheres leads to oxidation of
mineral matter. Primarily iron minerals are converted into hydrated ferrous and ferric
oxides which further lead to formation of liquid acid effluents on coal surface.
Sometimes, atmospheric oxidation lead to formation of several complex compounds on
the surface which possess low solubility in alkaline or acidic water and thus provide
hydrophilic character to coal surface.
The electrostatic repulsion between particles depends on the surface charge carried by
coal particles. Several reports suggests that coal floats efficiently near isoelectric point
but in case of oxidized coal isoelectric point occurs at very low pH values and it is not
possible to float oxidized coals near their isoelectric point. At isoelectric point minimum
surface charges are present and such conditions not only favors particle agglomeration
(Lin & Liu, 1998), but also enhances bubble particle interaction which in turn increases
the recovery of coal flotation process. Also, oxidized coals have low contact angle values
which reduce the hydrophobicity of coal particles.
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Figure 2.9 A generalized variation of zeta potential with coal rank (J. Laskowski, 1987b)
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Figure 2.10 Effect of humic acids on zeta potential and contact angle for bituminous coal
(pH: 5.7-7.6) (Pawlik et al., 1997)
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2.3

Reagents
 Collectors
Aliphatic hydrocarbon oils are usually used as collector for coal flotation. Out of

these oils, Fuel oil no.2 is the most popular collector in coal flotation industry which is
obtained from crude oil distillation. Aliphatic oils are found to adsorb on hydrophobic
surface through process of physisorption. These surfaces attach to bubbles readily
because of the enhanced hydrophobic character imparted by oil adsorption. The
effectiveness of oil as collector is dependent on hydrocarbon chain length constituting
oils. However, aliphatic oils provide a poor performance in terms of flotation yield and
combustible recovery for oxidized hydrophilic coal particles.
 Frothers
Aliphatic alcohols are used predominantly in coal flotation with hydrocarbon chain
limited to 8 carbon atoms. Frothing capabilities of frothers are generally associated with
functional groups associated within chemical structure. Some of the functional groups
associated with frothers are hydroxyl, carbonyl, carboxyl and ester (Booth & Freyberger,
1962; J. Laskowski, 1998). A single –OH group is usually present in the frothers used for
coal flotation such as MIBC which make these frothers partly water soluble. However,
some derivatives of ethylene oxide or propylene oxides are also used in coal flotation as
they tend to form stronger froth. These polymeric derivatives are popularly known as
Polyglycols and generally have good water solubility due to presence of multiple oxygen
functional groups (Figure 2.11). Some frothers also tend to adsorb on the coal particles
with polar groups through hydrogen bonding (Klassen, 1963).
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2.3.1

Reagents for Floating Oxidized Coal

Many researchers have showed that straight chain aliphatic oily collectors perform
poorly for oxidized coals and ionic collectors should be preferred in case of oxidized
coals. A composite mixture of fuel oil no. 2 and fuel oil no. 6 in a ratio of 4:1 was found
to effective for floating oxidized coal (Wen & Sun, 1981). Oil droplets formed from this
mixture found to have a higher positive charge and this higher positive charge was
attributed due to some polycyclic structures present in fuel oil no.6 containing amine,
sulfur, salts of nickel and vanadium (Guthrie, 1960).
It was later found that oxidized coal surface layer can be dissolved using caustic soda
solution. In alkaline medium, hydration of oxidized coal surface could be reduced, which
can increase the hydrophobicity of oxidized coal particles. A cationic organic compound
such as benzidine in benzoyl alcohol was used at 850C for reduction of oxidized groups
and coal electro-kinetic behavior was found to be restored (Wen & Sun, 1977).
Cyclic hydrocarbons such as cyclodecane (C10H18) were found to have a slightly
better performance as compared dodecane. It was later found that introduction of benzene
ring in collector can increase the collector performance as it tends to form strong π
bonding with coal aromatic structure (Figure 2.12). Also, presence of hydrophilic groups
such as ethoxy and phenol groups on collector can further enhance the collector
capability to interact with hydrophilic groups on coal surface through hydrogen bonding.
Ethoxylated nonyl phenol was found to be better collector than dodecane for Illinois No.
6 coal (Harris, Diao, & Fuerstenau, 1995) as it was found to be adsorbed both on
hydrophobic and hydrophilic surfaces (Aston, Lane, & Healy, 1989). Therefore, a
combination of hydrophobic aliphatic hydrocarbon chain along with aromatic compounds
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and hydrophilic groups could be effective as collector for oxidized coals. However, the
number of hydrophilic groups in the collector should be kept limited as an increase
number of hydrophilic groups surrounding coal could negatively impact the coal
flotation.

Figure 2.11 Popular frothers used in coal flotation
A similar study showed that a particular series of esters could provide a substantial
better flotation performance with oxidized coals (Jia, Harris, & Fuerstenau, 2002). In this
study, laboratory oxidized coal was treated with a wide range of tetrahydrofurfuryl esters
(THF) which contained hydrocarbon chain as well as oxygenated functional groups. The
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results showed that THF-17en (containing oleate) and THF-11 (containing laurate)
provided significant improvement in flotation recovery of oxidized coals.
Since collector emulsification has been a problem in coal flotation especially with use
of oils, the use of various surfactants could improve dispersion and adsorption of oil
collectors on coal particles. These surfactants lower the surface tension at water/oil
interface and thus, enhancing the emulsification of oily collectors (J. Laskowski &
Romero, 1996). Anionic type of surfactants provides a better oil/water emulsion (Yu, Ye,
& Miller, 1990) whereas cationic surfactants were found useful in modifying surface
characteristics of highly negative charged surfaces of oxidized coals (Campbell & Sun,
1970). Water soluble polymers containing polypropylene oxides (PPO) and polyethylene
oxides (PEO) have been found useful in flotation of oxidized and low rank coals
(Chander, Polat, & Mohal, 1994; H. Polat, 1995; H. Polat & Chander, 1998; M. Polat,
Polat, & Chander, 2003). These polymers not only acted as surface modifiers by getting
adsorbed on coal surface but also acted as emulsifier by helping the oil dispersion in
slurry. Addition of these surfactants prior to oily collectors had a poor performance on
coal flotation as instead of acting as emulsifier, these polymer surfactants got adsorbed on
the coal surfaces.
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Figure 2.12 Adsorption mechanism of different collectors on coal surface (Jia et al.,
2002)
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Figure 2.13 Various new collectors that were found effective for oxidized/low rank coal
flotation
2.3.2

Use of Fatty Acids as Collector

Fatty acids and their soaps are being used in froth flotation since 1910. Fatty acids are
almost considered as universal collector as they can be used to float any mineral. They
are generally non selective and an appropriate modifier needs to be added for a better
selectivity. Some of common examples of fatty acids are oleic acid (cis-9), linoleic acid
(cis-9 and cis-12), and linolenic acids (cis-9, cis-12 and cis-15). Fatty acids are
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commercially obtained from hydrolysis, hydrogenation of petroleum products or from
animal and vegetable fats (Leja, 1982).
Fatty acids are considered as weak electrolyte collector as dissociation constant (pKa)
for these acids is found in range of 4.2 to 5.2 (M. Fuerstenau, 1982). Therefore, these
acids dissociate mainly in various species at basic medium (pH > 7.5) (Kulkarni &
Somasundaran, 1980). Oleic acid also tends to form an acid soap dimer complex which is
considered as highly surface active and maximum concentration of these acid soap
dimers occurs at around pH 7.8 (Ananthpadmanabhan, Somasundaran, & Healy, 1979).
Also, presence of such dimer complexes minimizes the surface tension of solution which
could further enhance the flotation process.
Vegetable oil which is mainly comprised of wide variety of fatty acids was found to
be an effective collector for coal flotation. Olive oil along with soybean oil provided a
substantial increase in combustible recovery for low rank coals (Alonso, Castaño, &
Garcia, 2000). Also, these oils were found effective for agglomerating coal fines at very
low oil concentrations as coal fines were predicted to interact with fatty acids through
hydrogen bonding (Alonso, Valdés, Martı́nez-Tarazona, & Garcia, 2002; Denby,
Elverson, & Hal, 2002; Valdés & Garcia, 2006).
As it is known, tall oil is another complex fatty acid mixture which is used primarily
for floating majority of minerals including phosphate, hematite, etc. (Kou, Tao, & Xu,
2010; Sis & Chander, 2003). It is obtained as bi-product from paper and pulp industry
and mainly comprises of oleic acid, linoleic acid, palmitic acid and rosin acids. When tall
oil fatty acids are used as collector for coal flotation, it provided an improved

26

combustible recovery (Hines, Dopico, & Kennedy, 2011). Also, tall oil helps in lowering
the surface tension of slurry which further enhances the bubble surface area inside the
flotation cell. A similar study showed that a mixture of long chain fatty acid known as
“black oil” and kerosene oil was used to promote flotation of oxidized high ash Indian
coal (Jena, Biswal, & Rudramuniyappa, 2008). A mixture of fatty acids performs better
than a single fatty acid as mixture leads to formation of various species with different
adsorption capabilities (Hikmet, Ozbayoglu, & Sarikaya, 2004). Therefore, mixture of
fatty acids could adsorb on different oxygen groups of coal surface which can provide
much higher coal recovery from flotation process.
Fatty acids are usually synthesized from animal and vegetable fat which makes them
environment friendly as well as economical for flotation applications. Several researchers
have indicated benefits of using fatty acids over aliphatic oils obtained from petroleum
industry. However, ions present in solution plays an important role in determining the
appropriate reagent for these fatty acids.
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3
3.1

Experimental

Coal Samples
A coal sample known to have poor flotation characteristics was used to evaluate a

number of different reagents to assess their potential to improve performance. The coal
sample was collected from the flotation feed stream at the Elk Run Coal Preparation Plant
of Alpha Natural Resources in West Virginia. The coal preparation plant treats coal
mined from five different mines. The sample collected from this preparation plant
originated from the Coalburg coal seam. The flotation feed stream was directed to
thickener due to poor flotation recovery. When treating metallurgical grade coal at the
same plant, excellent coal recovery was realized thereby confirming the fact that the
reason for the poor flotation performance with the coalburg coal was directly associated
with the coal itself not the process. Around 2.1 KL of flotation feed were collected in a
ten steel barrels. These slurry samples were bought to the lab and were thoroughly mixed
by placing the contents of each drum in a sump and a pump to split the sample into 15
liter samples.
A rotary splitter was used to collect a small representative sample from a 15 liter
container for the purpose of particle size and ash analyses. The slurry sample was found
to contain 6.5% solids by weight and 53% ash. The large amount of particles (around
85%) were found to be finer than 45 μm which contained 60% ash suggesting the
presence of significant amount of ultrafine coal particles in the flotation feed (Table 3.1).
Ultimate analysis performed on flotation feed sample showed 14.4% oxygen presence in
the flotation feed samples (Table 3.2). A standard ASTM D5142 method was used for
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conducting proximate analysis on feed sample which showed around 29% of fixed carbon
presence in coal samples (Table 3.3).
Table 3.1 Particle size analysis and ash distribution of Elk Run flotation feed sample

Weight
%
0.39
2.30
9.00
2.67
85.65
100.0

Size Range
+ 48 mesh
48 x 100 mesh
100 x 200 mesh
200 x 325 mesh
- 325 mesh

Elemental
Ash
Sulfur
%
%
7.64
0.79
4.65
0.70
11.71
0.73
20.18
0.59
60.56
0.28
53.60
0.35

BTU/lb.
14248
14345
13995
12352
4565
5884

Cumulative Retained
Weight
Ash
Sulfur
%
%
%
0.35
100.00
53.60
0.34
99.61
53.78
0.34
97.32
54.93
0.29
88.32
59.34
0.29
85.65
60.56

Table 3.2 Ultimate analysis of flotation feed sample
As Received Basis

Dry Basis

Dry Ash-Free Basis

2.64
35.98
0.46
0.44
6.66
52.52
1.31
100.0

2.67
36.45
0.47
0.45
6.75
53.21
100.0

5.71
77.90
1.00
0.96
14.43
100.0

Hydrogen
Carbon
Nitrogen
Sulfur
Oxygen
Ash
Moisture

Table 3.3 Proximate analysis of flotation feed
As Received Basis

Dry Basis

28.78
16.94
52.05
2.22
100.0

29.43
17.32
53.25
100.0

Fixed Carbon
Volatile Matter
Ash
Moisture
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3.2

Coal Surface Characterization
Froth flotation depends on the hydrophobicity of particles and thus, a detailed coal

surface analysis was done in order to understand the surface composition and reason for
low floatability of the coalburg coal samples. The following techniques were used to
study the surface of the coal particles:

3.2.1

•

Contact Angle Measurement;

•

Oxidation Number;

•

Electro-kinetic Potential;

•

Fourier Transform Infrared Spectroscopy.

Contact Angle Measurement

A goniometer was used to measure the three phase contact angle formed by a liquid
drop on a freshly prepared particle surface of coalburg coal particle handpicked from the
plant feed. The large raw feed particles from were crushed to obtain a fresh surface and
then the sessile drop technique was used to measure the three phase contact angle
(coal/air/water). A total of ten surfaces were used for analysis which revealed a mean
contact angle of 47.3° with a standard deviation of 5.4°. The contact angle suggested that
the coal particles should possess moderately floating capabilities. The limited flotation
performance observed in the plant and in laboratory test do not agree with expectations of
a coal with a contact angle of 47.3°. Since the contact angle was measured on fresh
surfaces of large coal particles in the feed, it is believed that surface oxidation occurs
rapidly during transport from the working face of the mine to the preparation plant. As a
better reflection of surface oxidation of the flotation feed particles, oxidation number was
measured using an indirect technique.
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3.2.2

Oxidation Number

The relative degree of oxidation in bituminous coals is generally measured through an
alkali extraction method in which humic acids from coal are extracted in a sodium
hydroxide solution. The oxidation extent of the Elk Run flotation feed was measured by
the standard ASTM D5263-93 method in which a single beam of wavelength 520 nm was
passed through alkali extract solution. The oxidation number reflects the intensity of
color produced by the humic acids which is calculated by colorimetric measurements and
is a qualitative measurement used for selecting coals for metallurgical use. The oxidation
number for the coalburg flotation sample was found to be 28 which is substantially lower
than typically good floating coals which generally have an oxidation number of 95.
3.2.3

Electro-kinetic Potential

Coal particle surface charge was estimated by measuring the zeta potential using a
Brookhaven Zeta-Plus analyzer. A 2 liter solution of potassium chloride (KCl) was
prepared at 10-3 M concentration using distilled water. This solution was used for entire
set of experiments. 0.1 grams of solid coal particles were added to 50 ml of potassium
chloride solution and solid particles were dispersed in the solution by thorough mixing.
The pH of dispersed solution was then varied from 2 to 10 using 3.25 M hydrochloric
acid (HCL 25% concentration) and 1.73 M sodium hydroxide solution (NaOH). After
reaching an equilibrium pH value, a representative sample was taken and analyzed using
ZetaPlus system. The machine was programmed to measure 10 zeta potential values and
then a final mean value was obtained.
The isoelectric point (IEP) for the flotation feed was found to occur below pH 2.0
which means that coal surface have a negative charge throughout the pH range typically
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present in most industrial flotation operations. In general, the isoelectric point for good
floating coals occurs around pH range of 5 to 7. Figure 3.1 shows the comparison
between zeta potential measurements from the coalburg plant flotation feed coal and a
good floating coal from Peerless seam. The IEP of peerless coal occurred at pH 5.3 which
is a typical of most high rank, good floating coals. It could be concluded that plant feed
coal particles were oxidized and the low IEP value of coalburg flotation feed from Elk
Run processing plant is further evidence of high degree of oxidation. The low IEP value
also explains the poor flotation performance since flotation recovery is optimum at IEP
and industry typically runs the flotation process at pH values between 5 and 7.

60
Coalburg Seam Coal

Zeta Potential (mV)

40

Peerless Seam Coal

20
0
-20
-40
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0
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15

Slurry pH
Figure 3.1 A comparison of the zeta potential values of a coalburg seam coal with poor
flotation response and a peerless seam coal with excellent flotation characteristics
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3.2.4

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR technique is used to obtain an adsorption emission spectrum of solid
particles. FTIR was used for studying various oxygen groups on the coal particle surface.
The sample used in the FTIR was prepared by obtaining a representative sample of
flotation feed followed by filtering and drying. The dried coal particles were mixed with
finely powdered potassium bromide (KBr) at a concentration of 0.2% by weight. A small
amount of this mixture was pressed between two stainless disks under a high pressure to
form a thin transparent film. The FTIR spectrum was recorded using a diffuse reflectance
technique in which a beam containing many frequencies of light was passed through the
thin film and the amount of beam absorbed by the sample measured. This process was
repeated until a complete spectrum comprising of a broad range of wavelengths was
obtained. The data was collected and processed by a computer to obtain the FTIR
spectrum of plant flotation feed particles as shown in Figure 3.2.
The complete spectrum showed the presence of silica and other gangue materials by
the peaks around wavelength ranging from 500 to 1000. The absorbance peaks around
3000 wavelength indicates the presence of aliphatic C-H, C-C interaction whereas small
peaks around 1400 to 1700 accounts for presence of carboxyl, carbonyl and other oxygen
groups associated with coal surface. Flotation feed particles were found to contain a
relatively higher peaks around 1000-1200 wavenumbers which signified the presence of
oxidized groups on the surface (C-O, C=O) when compared to raw feed particles. FTIR is
generally considered as qualitative technique and hence, exact amount of oxidation
groups on coal surface could not be calculated accurately. However, area under curve
could be used to estimate a relative amount of groups present on coal particle’s surface.
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Raw coal particles showed some sharp peaks around 3000 wavenumbers as compared to
flotation feed particles indicating presence of relatively higher amount of straight chain
hydrocarbons (C-H, -C=H) in raw feed as compared to flotation feed. These straight
hydrocarbons get oxidized with time and results in formation of oxidized groups on coal
surface and that’s the reason for obtaining a better flotation performance with freshly
crushed raw feed particles as compared to actual plant flotation feed.
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Flotation Feed

Raw coal feed

Figure 3.2 Comparison of FTIR spectrum of raw coal and flotation feed
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3.3

Equipment and Operating Conditions

3.3.1

Mechanical Flotation Tests

Denver laboratory scale equipment was used to conduct flotation rate tests and release
analysis. Samples were conditioned in a 4 L tank with the help of 12 cm diameter
impeller. Following operating conditions were used while conducting flotation tests:
Slurry Volume

4L

Frother conditioning time

1 minute

% Solids by weight

6.5

Impeller speed

1200 rpm

Collector conditioning time

14 minutes

Air flow-rate

3 Lpm

Plant water was used in all conventional cell flotation tests to eliminate any
performance variation due to water chemistry.
•

Release Analysis
Release analysis provides a measure of estimating the maximum achievable

performance by froth flotation on a particular coal. In general, release analysis measures
the best possible selectivity that could be achieved by a froth flotation process. Release
analysis is often considered analogous to the density-based washability analysis
(Mohanty, Honaker, & Ho, 1998). Release analyses were performed in two stages; stage
one involves refloating the concentrate three times in order to remove any entrained
particles in the product. The tailings from each refloat are combined and represent the
total tailings from the analysis. In second stage, the most natural hydrophobic particles
are collected first and then particles with relatively lower hydrophobicity are collected by
improving flotation conditions (e.g. air, chemicals) as shown in Figure 3.3. Standard fuel
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oil and MIBC was used as collector and frother respectively for conducting release
analysis on the flotation feed sample.

Figure 3.3 Schematic diagram for the release analysis procedure (Mohanty et al., 1998)
Visual observations during the release test revealed very poor flotation behavior for
the coalburg flotation feed. Very little froth was generated and recovery was very slow.
The release analysis indicates that a 15% ash product was achievable while recovering
only 14% yield with only 25% combustible recovery. These results confirm the
unacceptable flotation performance that was being experience in the Elk Run preparation
plant using standard fuel oil as collector.
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Figure 3.4 Release analysis for coalburg flotation feed using fuel oil as collector under
natural conditions
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•

Kinetic Rate Tests
To estimate the effect of different chemicals on particle flotation rate, a series of

kinetic rate tests were performed. In these tests, slurry was first conditioned with
collector for 14 minutes and subsequently with frother for 1 minute. After 15 minutes of
conditioning, the air valve was opened to initiate the bubble generation. An aeration rate
of 3 lpm was used for all kinetic rate tests. The product samples were collected at a time
interval of 30 seconds till 8minutes. The initial froth samples contain the lowest ash fast
floating coal particles and the subsequent samples comprise of slow flow floating higher
ash particles.
The product samples were filtered using and then dried in an oven for around 3-6
hours. The dried samples were then weighed and analyzed for their respective ash
contents according to the ASTM D5142 standard. Using the weight and ash content data,
cumulative combustible recovery was calculated as function of flotation time. A
comparison of the recovery-flotation time curves was the main assessment tool used to
compare the effectiveness of different collectors and pH conditions.
3.3.2

Column Flotation Tests

Continuous flotation column experiments allow the ability to provide an analysis of
coal recovery and selectivity improvements due to a given collector or flotation
condition. The support of relatively deep froth depths and the use of wash water eliminate
the non-selective recovery of particles due to hydraulic entrainment.
A laboratory column flotation unit measuring 240 cm in the height and 5 cm in
diameter was used in the investigation. The resulting length to diameter ratio of 40:1
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provided near plug flow conditions which is an optimum environment for bubble-particle
collisions. Bubbles were generated using a static mixer and a pump which are common
components of MicrocelTM bubble generator. Air was inserted into a line with a portion
of tailings after the pump and before the static mixer.
Prior to the test, the slurry was conditioned with collector in the feed sump for 15
minutes. Frother was injected into the feed slurry just before entrance into the column
cell. Feed rate was controlled using a peristaltic pump as shown in Figure 3.5. Wash
water was added in the froth zone to remove entrainment at a flow rate that was
controlled using a flow-meter. The ratio of wash water reaching tailings stream from the
actual wash water represents the bias factor. Bias factor was estimated during each test by
measuring the tailings flow rate. Unless otherwise specified, the following operating
conditions were used while conducting the column flotation test program:
Feed Rate

500 to 2000 ml/min

% Solids By Weight

6.5%

Bias Factor

0.3 - 0.7

Collector Dosage

0.45 kg/t – 0.90 kg/t

Frother Rate

20 ppm

Superficial Gas Velocity

2 L/min (1.6 cm/s)

Volumetric Wash Water

400 ml/min

Total Column Length

240 cm

Column Diameter

5 cm
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Figure 3.5 Schematic of laboratory column flotation setup
After operating without disturbance for a time period equivalent to three times the
residence time, the conditions were assumed to be steady state. Representative samples of
the feed, product and tailing streams were collected under these conditions. The samples
were filtered, dried, weighed and subsequently analyzed for ash content.
The bias factor was controlled in each test by direct measurement and adjustment of
the froth height when necessary. Froth height was controlled through the use of pressure
transducer placed in the side wall of the column near the bottom of the cell. The pressure
transducer provided a pressure reading that was a function of froth level and supplied the
pressure reading to the controller which adjusted the underflow (tailings) rate when
necessary through a pinch valve. A secondary transducer placed above the first was used
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to determine the differential pressure (∆P) between two vertical levels which provided the
air fraction (ϵg) in the collection zone using following expression:
ϵg = 1- ∆P / (ρsl g ∆L)

(3.1)

where, ρsl is the slurry density, ∆L the distance between two point in collection and g the
acceleration due to gravity.
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4
4.1

Results and Discussion

Flotation Rate
To investigate the efficacy of fuel oil as collector, a series of kinetic rate tests were

carried out at different concentrations of fuel oil. Initial tests with 10 ppm concentration
of frother showed that 10 ppm was a very low concentration of frother for this coal as
there was no froth formed. As such, frother concentration of 20 ppm was found necessary
to achieve acceptable froth characteristics.
Kinetic rate tests performed with fuel oil as collector confirmed the plant results as
combustible recovery achieved poor. As shown in Figure 4.1, commercial alcohol type
frother F110 provided a slight improvement although recovery remained at a relatively
low level of 35% after 8 minutes of flotation time. The relationship between recovery and
product ash shown in Figure 4.2 indicated that improved selectivity was achieved using
the higher frother concentration level of 20 ppm. The pH of the feed slurry was measured
to be around 5.6 and no adjustments were made for the initial kinetic rate tests. F110
frother was obtained from SNF Flomin.
Raw coal chunks collected from the Elk Run preparation feed stream were crushed
below 150 μm and floated using standard fuel oil and MIBC. As shown in Figure 4.1,
freshly grounded raw coal particles provided an extremely high flotation rate and
recovery. These results confirmed the facts that oxidation could be the only phenomenon
which could have deteriorated the natural floatability of these coal particles. Also,
distilled water was used for floating raw coal to eliminate any possibility of ionic
interaction in the solution.
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Figure 4.1 Kinetic rate tests with standard fuel oil as collector
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Figure 4.2 Recovery ash relationship with standard fuel oil as collector
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60

Since conventional reagents failed to provide any significant results, a series of batch
tests and kinetic tests were performed with several commercial available reagents. A
carboxylic type frother (A644) provided a significant increase in combustible recovery
when used with fuel oil as collector at 1 lb/t (0.45 kg/t) dosage. A644 frother was
identified as commercial type frother having a mixture of alcohol and carboxylates;
however, no information about exact composition was available for this type of frother.
Various commercial available reagents which were known to have a mixture of fatty
acids were received from Georgia Pacific and SNF Flomin. The fatty acids are weak
carboxylic acids and are commonly used in froth flotation both as collector and frother.
Another series of flotation tests were conducted to compare the performance of these
collectors with alcohol type frothers (MIBC, F110) to that of fuel oil and the A644
frother combination. These collectors provided a further improvement in flotation rate
and thus recovery. A few of the optimum results are shown for comparison purposes in
Figure 4.3. With FECO7 as collector and MIBC as frother, the recovery after 4 minute
flotation was 70% which was twice the value achieved using fuel oil and five absolute
percentage points greater than that achieved using the fuel oil/A644 combination.
However, the product ash was found to be higher with these commercial collectors as
compared to when A644 frother was used as shown in Figure 4.4. The reason for the
higher ash contents were likely due to elevated water recovery which resulted in
entrainment of clay particles in the froth concentrate. Therefore, initial results confirmed
that having carboxylic functional groups in the collector enhances the floatability of
oxidized coal particles.
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Figure 4.3 Comparison of kinetic rate tests with some commercial collectors and frothers
under natural pH conditions
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Figure 4.4 Performance comparison of commercial collectors and frothers without any
pH adjustment of flotation feed slurry
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It was noted that A644 also provided superior selectivity to both the standard fuel
oil/alcohol frother combination and the Georgia Pacific chemicals as shown in Figure 4.4.
With fuel oil as collector and A644 as frother, a 40% combustible recovery was achieved
at a product ash of 14% compared to 24% product ash at same recovery value when fuel
oil was used with F110 frother. A644 frother contained carboxylic groups and which are
known to provide a better performances than simple aliphatic hydrocarbon chain oils
(Hikmet et al., 2004; Jena et al., 2008). These results led to the evaluation of the other
commercial collectors from SNF Flomin and Georgia Pacific which contain some simple
carboxylic acids.
4.1.1

Effect of Oleic Acid on Flotation Performance

Based on the positive results obtained using carboxylic collectors, Oleic acid which
was selected as a model collector is a popular ingredient for many commercial collectors.
Past results has shown that the performance of fatty acids depends on slurry pH
(Ananthpadmanabhan et al., 1979; Kou et al., 2010; Kulkarni & Somasundaran, 1980).
Kulkarni and Somasundaran (1980) found that flotation of hematite ore was maximized
using oleic acid at pH values around 7.8 due to presence of acid soap dimer complex. The
complex is indicated in Figure 4.5 as (C17H33OO)2H- . The activity of this complex is
maximum around same pH 7.8 and thus could adsorb to oxidized sights of coal particles
by the virtue of hydrogen bonding.
A series of experiments were performed using oleic acid as a collector over a range of
slurry pH. A laboratory grade 99% oleic acid was obtained from Fisher Scientific for
experimental work. As such, test program using oleic acid initially focused on the impact
of pH. Similarly, to understand the correlation between collector, frother and coal
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particles, an industry grade MIBC frother with known chemical composition was chosen
for these experiments. A 20 ppm frother dosage and 0.45 kg/t collector dosage were used
for these kinetic rate tests.

Figure 4.5 Species diagram for 3 × 10-5 M oleate as a function of pH (Kulkarni &
Somasundaran, 1980)
Oleic acid did not provide acceptable flotation performance when used alone with
MIBC. The flotation rate and recovery values achieved were similar to those obtained
with fuel oil at the natural slurry pH of 5.6. However, at same pH value a 1:1 ratio of fuel
oil and oleic acid at a dosage of 0.45 kg/t provided a significant improvement in recovery
as shown in Figure 4.6.
Also, highest combustible recovery values were obtained at a slurry pH value of 7.5
and pH 8.0 and at a 1:1 ratio of fuel oil and oleic acid. Almost 71% combustible recovery
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was obtained after 4 min flotation with around 20% product ash. 4 minute combustible
recovery dropped down sharply to 56% when slurry pH was increased to 9.0 which
showed that 1:1 mixture of fuel oil and oleic acid could be effective between slurry pH
7.5 – 8.0. The results found with oleic acid were similar to the results shown by several
researchers in past where oleic acid increased the flotation performance in similar pH
range.
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Figure 4.6 Performance comparison of kinetic rate tests performed using oleic acid and
fuel oil mixture as collector at different slurry pH values (OLA represents oleic acid, FO
represents Standard fuel oil no.2, MIBC represents methyl isobutyl carbinol)
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Oleic acid alone was found to provide no improvement in flotation rate relative to the
results using fuel oil at the natural pH of 5.8 as shown in Figure 4.6. However, increasing
the pH value to 7.5 elevated the recovery rate significantly for both the fuel oil and oleic
acid systems. Recovery was generally improved by 30 absolute percentage points after
four minutes of flotation. The pH cannot be explained by the isoelectric point (IEP)
where flotation recovery is often reported to be maximum IEP since the IEP for coalburg
sample is less than 2.0. A possible explanation is that increasing the pH to alkaline
conditions releases the humic acids from the coal surface thereby improving the
floatability which has been previously reported (Jena et al., 2008; Lowenhaupt & Gray,
1980). Figure 4.6 also shows that the flotation rate achieved using oleic acid was slightly
better than the values achieved with fuel oil. Another possible explanation for better
floatability of coal particles in alkaline medium could be explained due to dispersion of
clay particles in the system. At natural slurry pH of 5.8, coal particles carry a higher
negative charge as shown in Figure 3.1 while clay particles remain positively charged till
pH of 7.2. So under natural pH conditions, clay particles must be attracted towards the
coal particles and thus imparting the hydrophilic character to coal particles. Increasing
the slurry pH to 7.5 creates a negative charge on the clay particles and electrostatic
repulsion takes between clay and coal particles. Dispersion of clay particles in the
solution allows the collector to interact with coal particles surface and thus a better
flotation recovery was achieved at pH 7.5.
Industrial practice has observed that the mixing of a collector with fuel oil sometimes
results in improved flotation performance. Oleic acid was mixed with fuel oil at a 1:1
ratio and added to oxidized coal slurry sample at a concentration of about 0.45 kg/t. The
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results in the Figure 4.6 show a further increase in flotation recovery of 10 absolute
percentage points when using the 1:1 mixture at pH 7.5. The improvement may be due to
physisorption of the oleic acid on to the oxygen groups of the coal surface followed by
adsorption of aliphatic hydrocarbon chain molecules from fuel oil on the coal particle
hydrophobic sites and interaction with the hydrocarbon chain of the oleic acid.
The pH effect was examined further for the oleic acid-fuel oil mixture by varying the pH
over five different values between pH 5.8 and 9. As shown in Figure 4.7, maximum
recovery was achieved over the pH range of 7.5 to 8.0. Recovery dropped sharply under
pH conditions above 8.0 and below 7.5. This trend may be the result of the speciation of
the oleic acid over the pH range and the impact of humic acid release from the coal
surfaces under alkaline conditions.
Oleic acid when mixed with fuel oil at a ratio of 1:1 provided a significant higher
combustible recovery but the product ash achieved was still higher than required 10% ash
due to hydraulic entrainment of clay particles. Subsequently, a further detailed study was
required to determine the optimum ratio of fuel oil and oleic acid in accordance with
optimum pH and collector dosage to maximize the combustible recovery as well as
selectivity. Oleic acid is strongly dependent on slurry pH as oleic acid was highly non
selective at pH 5.8 but gained selectivity at pH 7.5. As shown in Figure 4.8, the mixture
of oleic acid and fuel oil was found to be highly selective at pH 7.5.
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Figure 4.7 Combustible recovery with mixture of oleic acid and fuel (1:1) at 0.45 kg/t
with MIBC 20 ppm frother as a function of slurry pH.
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Figure 4.8 Recovery-ash relationship for kinetic rate tests performed using oleic acid and
fuel oil mixture as collector at different slurry pH values
4.1.2

Box-Behnken Design

The interaction of pH and the collector mixture was very apparent from the initial test
results. Interaction with collector dosage was also considered to be significant. In order to
investigate the interaction of the three process parameters, a parametric experimental test
program was conducted using a three-level factor design. The Box-Behnken design test
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program evaluated the flotation performance over a wide range of collector dosage,
collector composition and slurry pH values shown in Table 4.1.
Table 4.1 Box-Behnken design parameters
Variable

Variable Name

Units

Low Level

High Level

A
B
C

Slurry pH
Fuel oil % in collector
Collector dosage

Percent
Kg/t

6.0
25
0.45

9.0
75
0.9

Box-Behnken design is generally used to study the response surface based on the
quadratic effect of factors after screening factorial experiments. In this method,
significant factors are recognized and then a response surface is predicted based on the
interaction of these significant factors.
Given that operating below a pH value of 6 is not practical and flotation performance
using the fuel oil-oleic acid mixture depreciated when pH was increased beyond 9, a pH
range of 6.0 - 9.0 was selected for these tests. Similarly, collector dosage was varied from
0.45 kg/t to 0.9 lb/t and fuel percentage in collector mixture was varied from 25% to
75%.
A total of 17 experiments based on Box-Behnken test design were conducted in order
to optimize the parameters associated with oxidized coal flotation. Cumulative
combustible recovery, product ash and product yield were measured as responses after 2
minute and 4 minute flotation time. The results from 4 minute flotation are shown in
Table 4.2. Column 2 in Table 4.2 represents the randomized order (Run order) in which
the experiments were performed in order to reduce systematic experimental error. The
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results were used to develop empirical models that describe the parameter and parameter
interaction effects on the response variables.
The significance of any model was judged based on the P-value obtained from the Ftest. Models with a P-value of less than 0.05 were considered significant and the model’s
ability to predict the actual data was evaluated using coefficient of determination (R2).
Models with lower P-value and a higher R2 value and further tested against following
regression assumptions:
•

Residual errors in the selected models were found to be independent of dependent
variables;

•

Residual errors for the selected models were found to be distributed uniformly
around the mean value of zero;

•

The variance of errors for the selected models was found to be constant across the
observations.
After selecting the regression models, variables and their interactions were tested for

significance based on their P-values and ANOVA test results. Each parameter and their
interactions were tested against the hypothesis of their coefficients being equal to zero.
Any P-value of smaller than 0.10 was considered as insufficient evidence to reject the
hypothesis of coefficients being zero and corresponding variable or interaction were
considered as significant in the model. A backward elimination technique was used to
remove insignificant parameters from the model. To protect against an unacceptable level
of degrees of freedom due to excessive model terms, the adjusted R2 value was used as a
measure for the efficacy of all selected regression models.
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Table 4.2 Parameter values and the results achieved from an experimental program
conducted using three-level Box-Behnken design where three factors are: A – Slurry pH,
B – Fuel oil % in collector, C – Collector dosage in lb/t.

Std.
Order

17
4
13
12
6
14
1
3
15
9
5
2
7
10
11
16
8

Run

A:
pH

B: Fuel
oil % in
collector

C:
Collector
dosage
(kg/t)

Response 1:
4 min
Comb. Rec.
(%)

Response 2:
4 min
Product Ash
(%)

Response 3:
4 min
Product
Yield (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

7.5
9
7.5
7.5
9
7.5
6
6
7.5
7.5
6
9
6
7.5
7.5
7.5
9

50
75
50
75
50
50
25
75
50
25
50
25
50
75
25
50
50

0.68
0.68
0.68
0.90
0.45
0.68
0.68
0.68
0.68
0.45
0.45
0.68
0.90
0.45
0.90
0.68
0.90

70.9
64.0
68.6
75.2
35.9
69.7
36.9
61.0
70.9
66.0
51.2
35.5
50.1
71.9
71.9
71.4
64.8

22.97
19.02
20.8
21.92
14.79
21.06
12.55
16.64
21.64
21.29
13.36
15.33
13.75
23.35
23.89
22.32
20.7

43.4
37.3
40.9
45.3
20.0
41.9
20.2
34.7
42.5
40.0
27.7
19.7
27.5
44.7
44.7
43.2
39.0
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A cubic model was found significant for 2 minute combustible recovery as shown in
Table 4.3. The model selected was found to be highly significant with model P-value of
less than 0.0001 and also with an adjusted R2 value of 0.98, it could be said that selected
model predicts the actual results quite accurately. Lack of fit for this model was found
insignificant which implies that there is 45.51% probability that a “Lack of fit F-value”
this large could occur due to error.
Table 4.3 ANOVA for 2 minute recovery model

Source

Sum of
Squares

Degree
of
freedom

Mean
Square

F
Value

P-value
Prob > F

Model

2943.9

9.0

327.1

105.2

< 0.0001

A-pH

263.2

1.0

263.2

84.7

< 0.0001

B-Diesel

17.3

1.0

17.3

5.6

0.050

C-Collector
dosage

14.6

1.0

14.6

4.7

0.067

AB

4.5

1.0

4.5

1.4

0.268

AC

237.9

1.0

237.9

76.5

< 0.0001

A^2

1659.9

1.0

1659.9

533.9

< 0.0001

C^2

16.0

1.0

16.0

5.1

0.057

A^2B

188.7

1.0

188.7

60.7

0.0001

A^2C

48.6

1.0

48.6

15.6

0.005

Residual

21.8

7.0

3.1

Lack of Fit

9.7

3.0

3.2

1.1

0.455

Pure Error

12.1

4.0

3.0

Cor Total

2965.7

16.0

R-Squared

0.99

Adj R-Squared

0.98
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significant

not
significant

The empirical model for predicting 2 minute combustible recovery could be
expressed as following:
2 min Combustible Recovery
-1208.2
+350.1
+10
+149.8
-2.6
-55.4
-24
+7.8
+0.2
+4.4

=
* pH
* Fuel oil %
* Collector dosage
* pH * Fuel oil %
* pH * Collector dosage
* pH^2
* Collector dosage ^2
* pH^2 * Fuel oil %
* pH^2 * Collector dosage

(4.1)

Where pH, fuel oil percent and collector dosage represent the absolute value of each.
It was quite evident from selected model that flotation combustible recovery was
dependent on all three parameters (slurry pH, Fuel oil% and collector dosage) and their
respective interactions. Most of the Interaction terms which were found statistically
significant contained pH as a parameter which showed that combustible recovery had a
strong correlation with slurry pH.
To compare the effect of individual parameters and their interactions, a series of 3dimensional response surfaces were created. Figure 4.9 shows that flotation recovery has
a strong correlation with slurry pH as maximum recovery was observed in the pH range
of 7.5 to 7.8 irrespective of any collector dosage and collector composition. It was
noticed that the 2 minute flotation combustible recovery improved with an increase in
fuel oil content in fuel oil and oleic acid collector mixture. At slurry pH 7.5, higher
combustible recovery was observed whenever collector dosage was increased or fuel oil
content in collector mixture was increased as shown in Figure 4.10.
59

2 min Combustive Recovery (%)

70
60
50
40
30
20

75

70

9
65

60

8.4
55

Fuel Oil %

50

7.8
45

40

7.2
35

30

6.6

A: pH

6

25

(a)

2 min Comb. Recovery (%)

70
60
50
40
30
20

9
8.4

0.90
7.8

0.79
7.2

0.68
6.6

0.56

C: Collector Dosage (kg/t)

0.45

A: pH

6

(b)

Figure 4.9 (a) Response surface for 2 minute combustible recovery as a function of fuel
oil% in collector and slurry pH at 0.68 kg/t (1.5 lb/t) collector dosage (b) Response
surface for 2 minute combustible recovery as function of collector dosage and slurry pH
at 50% fuel oil in collector mixture
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Figure 4.10 Response surface for 2 minute combustible recovery as a function of fuel
oil% in collector and collector dosage at slurry pH 7.5

The same model selection procedure was used to develop an empirical model for the
4 minute combustible recovery. The selected model had an overall F statistics of 385.73
and associated P-value of less than 0.0001 which showed that model was statistically
significant. The analysis of variance table for the selected cubic model is showed in Table
4.4. The adjusted R2 value for the selected model was 0.995 and lack of fit for this model
was highly insignificant with a P-value of 0.746 and thus model was statistically
significant and it was confirmed that model represented the actual population quite
accurately. All model assumptions were verified for this model and residual errors for
this model were found to have a zero mean value with a constant variance and
independent of any parameters involved in model.
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Table 4.4 ANOVA results for 4 minutes combustible recovery

Source

Sum of
Squares

Model
B-Fuel oil %
C-Collector dosage
AB
AC
A^2
C^2
A^2B
A^2C
Residual

2997.81
21.07
21.07
5.00
224.85
1841.45
4.56
234.90
43.76
7.77

Degree
of
freedom
8
1
1
1
1
1
1
1
1
8

Lack of Fit

2.56

4

0.64

4
16
0.997
0.994

1.30

Pure Error
5.21
Cor Total
3005.58
R-Squared
Adj R-Squared

4 min Combustible recovery
+108.6
+2.8
-980.7
-0.72
+240.7
-1.21
+18.4
+0.05
-14.4

Mean
Square

F
Value

374.73 385.97
21.07
21.70
21.07
21.70
5.00
5.15
224.85 231.60
1841.45 1896.70
4.56
4.69
234.90 241.95
43.76
45.07
0.97
0.49

P-value
Prob > F
< 0.0001
0.0016
0.0016
0.0530
< 0.0001
< 0.0001
0.0622
< 0.0001
0.0002
0.746

significant

not
significant

=
* Fuel oil (%)
* Collector dosage (kg/t)
* pH * Fuel oil (%)
* pH * Collector dosage (kg/t)
* pH^2
* Collector dosage (kg/t) ^2
* pH^2 * Fuel oil (%)
* pH^2 * Collector dosage (kg/t)

(4.2)

The 4 minutes cumulative flotation combustible recovery model exhibited a similar
trend to the 2 minutes combustible recovery model. Maximum recovery values occurred
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around pH 7.5 as shown in Figure 4.12. Similarly, the 4 minute recovery values were
found to increase slightly when either fuel oil content in collector mixture was increased
from 25% to 75% or collector dosage was increased from 0.45 kg/t to 0.9 kg/t. Therefore,
it could be concluded that between slurry pH 7.5 and 7.8, a relatively higher combustible
recovery of around 72% could be achieved with a collector mixture containing 75% fuel
oil (Figure 4.12 and Figure 4.13) as compared to 70% combustible recovery achieved
using 50% fuel oil in collector mixture at pH 7.5 (Figure 4.6). However, in order to
analyze separation efficiency, similar 3-dimensional plots for product ash was also
needed. Since 4 minute of residence time is commonly used in coal flotation industry,
product ash and product yield models were only developed and compared for 4 minute
flotation time.
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Figure 4.11 Response surface for 4 minute combustible recovery as a function of fuel
oil% in collector and collector dosage at slurry pH 7.5
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Figure 4.12 (a) Response surface for 4 minute combustible recovery as a function of fuel
oil% in collector and slurry pH at 0.68 kg/t (1.5 lb/t) collector dosage (b) Response
surface for 4 minute combustible recovery as function of collector dosage and slurry pH
at 50% fuel oil in collector mixture
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Figure 4.13 Four minute combustible recovery as a function of single slurry pH
parameter
A model for predicting 4 minute cumulative product ash is shown in Equation
4.3Error! Reference source not found.. Model was found to be significant with the
overall model F-statistic value of 58.31 with associated P-value of less than 0.0001. The
lack of fit was insignificant with a P-value of 0.66 and adjusted R2 value for this model
was calculated to be 0.95 which suggests that the selected model accurately predicts the
empirical data.
4 min Product Ash
=
-325.16
+92.2 * pH
+2.0 * Fuel oil (%)
+122.1 * Collector dosage (kg/t)
-0.51 * pH* Fuel oil (%)
-33.9 * pH * Collector dosage (kg/t)
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-0.18
-6.25
+0.03
+2.5

* Fuel oil (%) * Collector dosage (kg/t)
* pH^2
* pH^2 * Fuel oil (%)
* pH^2 * Collector dosage (kg/t)

(4.3)

The response surface for 4 minute cumulative product ash followed similar curvature
observed by the 4 minute combustible recovery whereas maximum product ash contents
were predicted at pH 7.5 and lowest values obtained on the outer range of test values. The
reason for the higher product ash at around slurry pH 7.5 (Figure 4.14) was likely due to
hydraulic entrainment under conditions providing good frothing characteristics. Increased
froth recovery at slurry pH 7.5 resulted in higher combustible recovery but at the same
time it also increased water recovery in the product which further increased the amount of
hydraulic entrained clay particles in the product. It is noted that pH 7.5 is optimum for the
production of the acid soap dimer complex from the oleic acid which is known to
significantly enhance frothing characteristics.
At slurry pH 7.5, the product ash decreased with increases in both fuel oil content in
the collector mixture and collector dosage while combustible was found to be increasing
at higher fuel oil ratio and higher collector dosage. Figure 4.15 illustrates the fact that a
higher selectivity along with higher combustible recovery could be achieved if flotation
process is performed around slurry pH range of 7.5 to 7.8. Oleic acid at this slurry pH
solution tends to form a highly active acid dimer complex which could adsorb on coal
oxidized sites through hydrogen bonding and could impart hydrophobicity to oxidized
coal particles. However, the results showed that fuel oil is also required for better
performance and increasing the fuel oil ratio in the collector mixture helps in increasing
the overall combustible recovery of the process. So, it could be concluded that fuel oil
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could be used for coating non-oxidized sites and oleic acid dimer complex could attach to
oxidized sites with polar groups being attached to coal oxidized groups whereas
hydrocarbon chain impart hydrophobicity to coal particles. A higher amount of fuel oil
was found to be beneficial as the fuel oil hydrocarbon chain can interact with oleic acid
hydrocarbon chain and can further increase the hydrophobicity of coal particles.

24

4 min Product Ash (%)

22
20
18
16
14
12

9

0.90

8.4
0.79

7.8
0.68

7.2
0.56

C: Collector Dosage (kg/t)

6.6
0.45

A: pH

6

Figure 4.14 Four minutes product ash as function of slurry pH and collector dosage
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Figure 4.15 Comparison of 4 minutes combustible recovery and 4 minutes product ash as
a function of fuel oil % and collector dosage at (a) pH 6.0 (b) pH 7.5 (c) pH 9.0
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Other reasons for the positive impact observed from blending fuel and oleic acid is
that the oleic acid has a limited solubility of around 10-5 M around pH 7.5 (J. Laskowski,
1988; J. Laskowski & Nyamekye, 1994). This could explain the relatively lower
performance with higher oleic acid content in collector mixture as most of the oleic acid
would precipitate on coal particles instead of acting as collector. Also, fuel oil could be
helping emulsification of oleic acid in solution and thus, higher fuel oil content in the
collector mixture enhanced the flotation performance while a lower concentration of oleic
acid ensured minimum precipitation of oleate ions. Therefore, solubility of specific
species of oleic acid (Figure 4.16) and emulsification of oleic acid in the presence of fuel
oil provides a reasonable explanation for higher selectivity with higher fuel oil % in the
collector mixture.
Lower solubility of oleic acid at lower pH values could explain the reason of poor
performance when oleic acid alone was used at 0.45 kg/t dosage at pH 5.6. At this
dosage, molar concentration of oleic acid was approximately 0.2 M which is almost 104
more than the solubility limit and thus a lot of oleic acid molecules must be precipitating
on the coal particles. The precipitation of oleic acid molecules on coal particles increases
the hydrophilic character of coal particles resulting in lower flotation recovery as shown
in Figure 4.6.
An optimum ratio of oleic acid and fuel was not achieved in these tests which might
be due to the fact that fuel oil % in collector mixture was only varied from 25% to 75%.
Therefore, in order to achieve an optimum fuel oil% in collector, a series of kinetic rate
tests were conducted at slurry pH of 7.5 with varying fuel oil ratio in collector from 0%
to 100%. Dosages of collector and frother used in this set of experiments were fixed at
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0.68 kg/t and 20 ppm respectively. Results showed that with increase in fuel oil % in
collector mixture, there was a steady increase in combustible recovery till 80% fuel oil
composition, after which combustible recovery decreased sharply. As shown in Figure
4.17, it could be concluded that a 4:1 ratio of fuel oil and oleic acid provides the optimum
flotation performance. The reason for best performance at 80% fuel oil content was likely
to be due to limited solubility of oleic acid in the solution. Lower amount of oleic acid in
the collector mixture ensures the minimum precipitation and the presence of acid soap
dimer complex which enhances the flotation rate of oxidized coal particles.

Figure 4.16 Domain diagram for lauric acid and oleic acid indicating solubility limit at
different solution pH values (J. Laskowski & Nyamekye, 1994)

70

Combustible Recovery

80
70
60
50
40
30

4 min Comb. Rec

20

2 min Comb. Rec.
1 min Comb. Rec.

10
0
0

20

40

60

80

100

% Fuel oil in collector at dosage of 0.68 kg/t
of feed solids
Figure 4.17 Combustible recovery as a function of fuel oil % in collector mixture;
collector dosage of 0.68 kg/t (1.5 lb/t), MIBC dosage of 20 ppm, slurry pH of 7.5
The results obtained from parametric Box-Behnken design provided some significant
conclusions. It was found that slurry pH plays an important role while floating oxidizing
coal using oleic acid and fuel oil mixture. Several research studies in past have proved
that maximum flotation of coal particles occurs at isoelectric point but experimental
results in this study shows that oxidized coal could be floated effectively at a slurry pH
range of 7.5 to 7.8. A mixture of oleic acid and standard fuel oil at a ratio of 1:4 can
provide optimum flotation performance. However, the results from conventional flotation
cell clearly indicate that due to hydraulic clay entrainment, product ash was on higher
side as for optimum conditions, almost 22% product ash was achieved after 4 minutes of
flotation.
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4.2

Column Flotation Tests
In order to achieve a lower product ash, a series of experiments were conducted using

laboratory scale column flotation cell. Wash water rate of 400 ml/min was used to
remove entrained clay particles in froth zone. Column flotation tests were performed
using optimum conditions derived from conventional cell test results i.e. slurry pH of 7.5,
fuel oil to oleic acid ratio of 1:4. 0.68 kg/t of collector and 20 ppm of frother dosages
were used for these tests. Feed rates for these column flotation tests were varied from 500
ml/min to 2000 ml/min.
Slurry pH was adjusted in the sump before conditioning slurry with collector as
shown in Figure 3.5. NaOH was used to adjust the slurry pH and collector was
conditioned for 15 minutes. A product ash of less than 8% was achieved with almost 78%
combustible recovery. As expected, product obtained from column flotation cell
contained significant lower ash content and hence, it proved that hydraulic entrainment
was the reason for higher product ash content from conventional cell as wash water in
column cell was able to clean the froth by washing down entrained clay particles.
Column flotation tests results confirmed the fact that slurry pH has an important role
while floating oxidized coals as combustible recovery values with no pH adjustment were
found to be much lower. The reason for lower combustible recovery at original slurry pH
was due to loss of coal particles in tailings which resulted in lower tailings ash as shown
in Table 4.5. Froth obtained at original slurry pH of 5.6 inside column cell was highly
unstable and a limited froth zone height could be used which resulted in higher product
ash (Figure 4.18) as compared to when slurry pH was adjusted to 7.5. Therefore, column
cell results also confirmed the fact that acid dimer complex which forms at pH 7.5 is
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needed for floating oxidized particles and absence of such a complex would result in
lower flotation combustible recovery. At slurry pH 5.6, a maximum of 57% combustible
recovery was possible that too with almost 10% product ash. However, when slurry pH
was adjusted to almost 77% combustible recovery was achieved with 8.5% product ash
which showed a significant improvement in coal particles recovery. A stable froth
conditions were obtained at slurry pH 7.5 which allowed column cell to run with a deeper
froth zone and thus, provided froth with more drainage time which resulted into lower
ash product.
Two commercial available fatty acid type collectors were also tested in column cells
at same slurry pH of 7.5 and a collector mixture with 80% fuel oil. Feed rates for these
column tests were also varies from 500 ml/min to 2000 ml/min and combustible recovery
values and corresponding product ash values were found to have same similar trend as
obtained with fuel oil and oleic acid mixture. Collector FC9700 provided a maximum
combustible recovery of 78% with 9% product ash. The exact chemical composition of
FC9700 was unknown but it was known to have a blend of various fatty acids. Therefore,
it could be concluded that floatability of oxidized coal particles could be enhanced by
mixture of fuel oil and fatty acids as collector mixture and at a slurry pH range of 7.5 to
7.8.
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Conventional cell pH 7.5 OLA + FO (1:4) 0.68 kg/t
Column without pH adjustment OLA + FO (1:4) 0.68 kg/t
Column pH 7.5 OLA + FO (1:4) 0.68 kg/t
Column Test pH 7.5 GP767 + FO (1:4) 0.68 kg/t
Column Test pH 7.5 FC9700 + FO (1:4) 0.68 kg/t
Figure 4.18 Comparison of column flotation cell and conventional cell performance at
optimum conditions
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Table 4.5 Comparison of column flotation cell performance with and without pH
adjustment at optimum conditions; collector dosage of 0.68 kg/t (1.5lb/t), MIBC dosage
of 20 ppm, fuel oil: oleic acid ratio of 4:1
At slurry pH 7.5
Feed rate
(ml/min)
580
900
1060
1200
1350
Feed rate
(ml/min)
580
750
1060
1200

Product Ash
(%)

Tailing Ash
(%)

Product Yield
(%)

12.06
81.25
40.83
9.2
80.72
38.76
7.43
78.4
35.79
6.38
69.43
26.06
5.93
64.52
19.66
Without pH adjustment (pH 5.8)
Product Ash
Tailing Ash
Product Yield
(%)
(%)
(%)
9.41
71.41
29.69
7.7
68.89
25.97
7.31
65.35
21.28
7.1
63.3
18.33

Combustible
Recovery (%)
76.39
74.88
70.49
51.91
39.35
Combustible
Recovery (%)
57.23
51.00
41.96
36.23

Despite of having a similar ash-recovery relationship, Figure 4.19 shows that
commercial collectors with fuel oil were able to provide similar combustible recovery
values obtained with oleic acid and fuel oil mixture but at higher feed flow rate. Thus, it
shows that flotation rate of oxidized coal particles were higher when commercial fatty
acids were used with fuel in a collector mixture. Since, these commercial collectors are
blend of various fatty acids and thus, a wide variety of acid dimers corresponding to each
type of fatty acid should be present in the slurry at pH 7.5 which could increase the
overall activity of collector and make these collectors more effective in coating oxidized
coal surfaces. Also, as shown in Figure 4.16, different fatty acids have their own
solubility limit based on solution pH and their concentration. Therefore, having a wide
variety of fatty acids in collector mixture increases the overall solubility of fatty acids in
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slurry and thus increasing the probability of adsorption of these collector ions on oxidized
coal particles. Subsequently, fatty acids also provide frothing action and having a blend
of fatty acids enhances the frothing capabilities which results in formation of fine bubbles
which were observed both in products from conventional cell and column cell (Figure
4.20& Figure 4.21 ).
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Figure 4.19 Combustible recovery obtained from column flotation cell as a function of
feed rate
Performance of two commercial collectors GP767 and FC9700 inside column
flotation cell at 25% ratio in collector mixture and at slurry pH 7.5 was compared. As
shown in Figure 4.19, FC9700 provided both higher yield and recovery values as
compared to GP767. However, both collectors were able to provide a significant
selectivity as product ash content achieved in both cases was well below 10%.
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Figure 4.20 Froth obtained from conventional cell with fuel oil and oleic acid collector
mixture at optimum conditions

(a)

(b)

Figure 4.21 Froth obtained from column cell with (a) fuel oil and oleic acid collector
mixture at optimum conditions (b) fuel oil and GP767 collector mixture (4:1) at optimum
conditions
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Figure 4.22 Combustible recovery obtained from flotation column with varying fuel oil
content in collector mixture
In order to confirm the optimum collector composition obtained from conventional
cell, a series of column flotation tests were conducted with varying amount of oleic acid
in collector mixture at slurry pH of 7.5. Column flotation tests with collector dosage of
0.68 kg/t and MIBC dosage of 20 ppm were performed at two feed flow rates of 900 and
1060 ml/min. The results obtained from flotation column were quite similar to results
obtained from conventional cell and it could be concluded that a ratio of 4:1 for fuel oil
and oleic acid in collector ensures maximum floatability of oxidized coal particles.
Combustible recovery with 1:1 ratio of fuel oil and oleic acid in collector were
significantly lower as compared to ratio of 4:1. With feed flow rate of 900 ml/min, a
combustible recovery of almost 75% was achieved at 4:1 ratio of fuel oil and oleic acid
whereas only 55% combustible recovery was achieved at 1:1 ratio. Therefore, for fuel oil
and oleic acid mixture as collector, a ratio of 4:1 should be used at slurry pH 7.5 for
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obtaining maximum combustible recovery through both conventional cell and flotation
column.
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5
5.1

Conclusion and Recommendations

Conclusions
Oxidized coal particles exhibit poor flotation characteristics with standard flotation

chemicals such as fuel oil as collector and MIBC as frother. The presence of oxygen
groups such as carboxyl groups in flotation reagents can enhance the floatability of
oxidized coal particles. A model collector system of oleic acid and fuel oil mixture was
evaluated. A comprehensive study was performed to quantify the effect and optimize the
values of the oleic acid-fuel oil blend, collector dosage and slurry pH. The optimized
settings were utilized in a series of laboratory flotation column experiments to evaluate
the full potential of maximizing recovery while achieving the lowest possible product ash
content. The following conclusions can be drawn from the study:
1.

Initial laboratory conventional cell tests found that a flotation feed slurry collected
from an operating preparation plant treating coalburg seam was non floatable using
standard fuel oil as collector. Flotation recovery was less than 30% after 4 minutes
of flotation with more than 14% ash content.

2.

The adjustment of slurry pH from its natural value of 5.6 to 7.5 was found to
provide the greatest impact on combustible recovery. In conventional cell rate tests,
the recovery achieved after 4 minutes of flotation was increased from 28% to 60%
by the pH adjustment. This impact could not be explained by the association with
the isoelectric point. The impact may be due to the release of humic acids from the
surface. However, raising the pH to 9 resulted in significant decrease in recovery.

3.

Laboratory tests performed with conventional cell suggests that weak carboxylic
acids are effective collectors for floating oxidized coal particles. However, the
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detailed study indicates that a mixture of standard fuel oil and fatty acids increases
the overall combustible recovery of the process. The conventional cell results
indicated that a fuel oil-oleic acid mixture at 1:1 ratio provided an increase in
recovery of approximately 30 absolute percentage points at slurry pH of 5.6.
4.

Slurry pH is an important factor while comparing the performance of various fatty
acids as activity and amount of species formed in solution by different fatty acids
depends on the slurry pH. Oleic acid tends to form an acid soap dimer complex. The
activity of the complex is maximum around pH range of 7.5 and 7.8 and thus, slurry
pH should be adjusted to around 7.5 while using oleic acid and similar fatty acids as
collector.

5.

A model system of oleic acid and fuel oil was studied in detail which showed that a
ratio of 4:1 of standard fuel oil and oleic acid provides maximum flotation
performance for oxidized coals at pH 7.5. In conventional cell tests using this blend,
almost 74% combustible recovery could be achieved which was an increase of over
50 absolute percentage points from the initial tests and 15 points after adjusting the
slurry pH. Fatty acids similar to oleic acid could be used as an effective collector
for oxidized coals. However, product ash values were elevated due to increased
water recovery and thus entrainment. Oleic acid and fatty acid are known to provide
excellent frothing properties.

6.

Experimental results proved column flotation cells as an effective process to reduce
product ash due to its ability to eliminate entrainment. With the use of laboratory
column flotation cell, a product containing around 7.5% ash was achieved while
recovering 75% of the combustibles using the optimum slurry pH of 7.5 and a 4:1
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ratio of fuel oil and oleic acid. The flotation column proved to be required when
using fatty acid collectors to treat oxidized coal fines having high clay content. The
deep froth depths and froth washing removes hydraulically entrained particles from
the product.
7.

A number of commercially available collectors containing a blend of fatty acids
were tested and the performances were compared to those obtained using the oleic
acid-fuel oil blend both in conventional and column flotation cells. Commercial
collectors identified as FC9700 and GP767 as indicated by the ability to achieve the
same high level of recovery at 36% greater volumetric feed flow-rate. This finding
indicates a substantial improvement on flotation rates. The recovery –product ash
relationship was identical to that achieved using oleic acid.

5.2

Recommendations
Based on the results from this study, further research in following areas is

recommended:
1.

Since the oleic acid was found to be an effective collector for floating oxidized
coal particles, various other fatty acids with similar chemical composition could
be used to enhance the floatability of oxidized coal particles. Performance of
composite mixtures of different fatty acids could be evaluated at various slurry pH
levels.

2.

A detailed study on the adsorption mechanism of the fatty acids on oxidized coal
particles is needed. Previous studies have shown that fatty acids used as collector
in phosphate and hematite flotation, are adsorbed on oxidized sites and provide
significant hydrophobicity to the particles. A similar type of surface adsorption
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study should be performed on coal surfaces to understand the adsorption
mechanism of fuel oil and fatty acids mixture on difficult-to-float oxidized coal
particles.
3.

Recently, significant interest has developed in biodegradable ecofriendly
chemicals so as to minimize any negative environmental impacts. Since fatty
acids are mainly derived from animal and vegetable fats and are already
considered as ecofriendly chemicals, it would be interesting to measure the effect
of mixing these fatty acids with biodiesel which is also a biodegradable product.
Thus, the problem of disposing petroleum based oils in waste ponds could be
minimized if a mixture of biodiesel and fatty acids could be effectively used as
collector for oxidized coal particles.

4.

Results in this study showed that conventional cell is able to achieve significant
combustible recovery with oxidized coals but with higher product ash due to the
presence of hydraulic entrained clay particles in froth. However, column flotation
were able to achieve lower product ash as wash water restricts entrained clay
particles from reporting to product. Similarly, reagent that could selectively
agglomerate clay particles may be tried in conventional cell to reduce the amount
of clay reporting to product. Thus, it might be possible to reduce product ash
content from conventional cell using some clay binders and achieve a similar
performance to that of column flotation.

5.

The extent of coal particles oxidation should impact the collector selection for
floating that particular type of coal. Some fatty acids may be more effective than
others for a particular coal with certain degree of oxidation. A study on
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relationship between collector type and extent of coal oxidation should be able to
provide a suitable guide for selecting proper collector based on coal oxidation
characteristics. The slurry pH could be adjusted later on based on the type of
collector and preferred species from that collector for enhancing coal flotation.
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